Adverse effects of light at night are associated with human health problems and with changes in seasonal reproduction in several species. Owing to its role in the circadian timing system, melatonin production is suspected to mediate excess nocturnal light. To test this hypothesis, we examined the effect of light pollution on the timing of seasonal reproduction on a strict Malagasy long-day breeder, the nocturnal mouse lemur (Microcebus murinus). We randomly exposed 12 males in wintering sexual rest to moonlight or to a light-mimicking nocturnal streetlight for 5 weeks. We monitored urinary 6-sulfatoxymelatonin concentrations (aMT6s), plasma testosterone concentrations, and testis size, and we recorded daily rhythms of core temperature and locomotor activity. In males exposed to light pollution, we observed a significant decrease in urinary aMT6s concentrations associated with changes in daily rhythm profiles and with activation of reproductive function. These results showed that males entered spontaneous sexual recrudescence leading to a summer acclimatization state, which suggests that light at night disrupts perception of day length cues, leading to an inappropriate photoentrainment of seasonal rhythms.
Artificial light at night (ALAN) is one of the fastest increasing factors of environmental pollution (Hölker et al. 2010) . Long underestimated effects of ALAN have been widely documented in many taxa including plants, invertebrates, and vertebrates (Longcore and Rich 2004, 2006) . Most biological impacts of light pollution concern individual behavioral or physiological responses (e.g., migration, foraging, daily rhythms, and reproduction) or population demographic parameters (Longcore and Rich 2006; Gaston et al. 2015) .
In mammals as in humans, most behavioral, metabolic, and physiological processes are driven by the 24-h light-dark cycle. From photosensitive retinal ganglion cells, information about the light-dark cycle is sent to the suprachiasmatic nuclei, i.e., the central pacemaker, through the retinohypothalamic tract, allowing adjustments of biological rhythms to daily environmental cues (Goldman 2001; Bradshaw and Holzapfel 2010; Bonmati-Carrion et al. 2014) . Within output pathways of the circadian timing system, the pineal release of melatonin plays a major role because melatonin is produced only during darkness, providing the organism with information about the duration of night. Depending on intensity and wavelength, exposure to light during the night decreases or suppresses melatonin secretion (Aube et al. 2013; Bedrosian et al. 2013) . In humans, ALAN, via its effects on melatonin, is hypothesized to be a major factor leading to disruption of the circadian system with significant effects on health (Cajochen et al. 2011; Haim and Portnov 2013; Bonmati-Carrion et al. 2014; Haim and Zubidat 2015) .
In mammals, periodic change in day length, i.e., photoperiod, is the strongest anticipatory cue for seasonal changes in reproduction (Malpaux et al. 2001; Bronson 2009; Goodman et al. 2010) . However, ALAN would affect perception of day length and, thus, would modify the appropriate seasonal timing for reproduction. These effects have been observed in birds for which light pollution advances their reproductive season (Kempenaers et al. 2010; Longcore 2010; Dominoni et al. 2013a Dominoni et al. , 2013b Schoech et al. 2013) concomitantly with changes in daily rhythms and in melatonin release (Dominoni et al. 2013c; Dominoni and Partecke 2015) . Likewise in mammals, light pollution disturbs the photoperiodic response in reproduction as demonstrated in Siberian hamsters (Phodopus sungorus -Hoffmann 1979; Ikeno et al. 2014 ) and in mouse lemurs (Microcebus murinus- Le Tallec et al. 2013 . For these species, exposure to light pollution during the short-day photoperiod, even for a short time, breaks down the resting winter phenotype, and animals enter a reproductive state similar to a long-day phenotype.
Misinterpretation of day length could occur through changes in melatonin secretion. To test this hypothesis, we conducted an experimental study on male mouse lemurs, a nocturnal prosimian endemic to Madagascar. The mouse lemur is a strict long-day breeder with complete sexual rest in both sexes during short-day photoperiod (Perret and Aujard 2001a) . In addition, its daily rhythms of locomotor activity and body temperature, especially depth and duration of daily hypothermia, vary according to season (Perret and Aujard 2001b) . We predicted that light pollution in mid-winter mimics a long-day photoperiod, leading to decreases in melatonin concentrations, stimulation of reproductive function, and summer-like daily rhythm profiles.
Materials and Methods
Ethics statement.-All experiments were performed in the laboratory breeding colony of Brunoy (UMR 7179 CNRS/ MNHN, France; agreement n° E91-114-1 from the Direction Départementale de la Protection des Populations de l'Essonne) under authorization n° Ce5/2011/067 from the Charles Darwin Ethics Committee in Animal Experiment and the Internal Review Board of the UMR 7179. All experiments were done under personal license to T. Le Tallec (authorization n° A91-621) and followed guidelines approved by the National Research Council (NRC 2011) and by the American Society of Mammalogists (Sikes et al. 2011) for the use of mammals.
Animals.-The 12 adult male mouse lemurs (2-3 years old) were born in the laboratory breeding colony of the National Museum of Natural History in Brunoy, France, from stock originally caught in southern Madagascar 45 years ago. In captivity, seasonal variation in behaviors, daily rhythms, and physiological functions are entrained by an artificial photoperiodic regimen alternating 6-month periods of winter-like short days (SD; light-dark 10:14) and summer-like long days (LD; light-dark 14:10). General conditions of captivity remained constant: ambient temperature (24-26°C), relative humidity (55%), food in excess including a homemade milky mixture (46 kJ/day), and fresh fruits (18.5 kJ/day) delivered daily during the diurnal resting phase and water available ad libitum.
Light treatments.-Animals in mid-winter resting state were isolated in climate chambers (Thermo Fisher Scientific, Waltham, Massachusetts), in which air was filtered and daytime light was provided by fluorescent lamps. They were housed separately in different floors of the climate chamber to minimize social interactions and maintained in cages (50 × 30 × 30 cm) with branches and a nest box. We randomly divided male mouse lemurs into 2 treatments, exposed either to moonlight (MOON) or to light pollution (POLL), for 5 weeks. Animals subjected to moonlight were exposed at night to the dim light of a white LED (light intensity, X ± SE = 3.5 ± 0.1 nmol photons·s −1 ·m −2 ; model NSPW570DS, Nichia, Tokushima, Japan) that simulated full moon (light intensity, X ± SE = 3.5 ± 0.1 nmol photons·s −1 ·m −2 , corresponding to 0.3 lux), the most important source of natural light at night (Dacke et al. 2011) . Animals subjected to light pollution were exposed at night to the same dim light of a white LED and to the additional light of a yellow LED (light intensity, X ± SE = 628.0 ± 2.1 nmol photons·s −1 ·m −2
, corresponding to 51.5 lux; model L-1503YD, Kingbright, Taipei, Taiwan) that simulated the average light intensity and irradiance spectrum of streetlights with high pressure sodium lamps sampled in Brunoy, a common artificial light characterized by emission from 569 to 616 nm (Elvidge et al. 2010) . For each LED, we calibrated the average light intensity and irradiance spectra before the experiment using a JAZ spectrometer (Ocean Optics, Dunedin, Florida) between 300 and 700 nm (Le Tallec et al. 2015) , and we powered and controlled lights throughout the experiment using a generator of electric current (CEID, Yerres, France).
6-Sulfatoxymelatonin.-To assess changes in melatonin production, we measured urinary 6-sulfatoxymelatonin (aMT6s) concentrations every week during the nocturnal active phase. Concentrations of urinary aMT6s correlate with concentrations of plasma melatonin (Arendt 1986 ). On the same day, we collected urine 3-5 h after the onset of darkness, when animals exhibited highest urinary aMT6s concentrations during SD (Aujard et al. 1998) . Males spontaneously voided urine within 2 min after we removed them from their nest box. Immediately after collection, we stored urine samples at −20°C until assayed.
We measured urinary aMT6s concentrations in duplicate from 50 μL urine using an enzyme-linked immunosorbent assay (IBL International, Hamburg, Germany). Percentages of cross-reactivity were aMT6s 100%, melatonin 0.002%, and 6-OH-melatonin 0.001%. Mean intra-and inter-assay coefficients of variation were 5.2% and 5.1%, respectively. Minimum detectable level in urine was 1.0 ng/ml. To take into account individual variation in urine concentrations, we measured creatinine (Cr) content in each sample using a colorimetric assay (Quidel Corporation, San Diego, California). We calculated mean urinary aMT6s concentration (in pg/mg Cr) for both MOON and POLL groups.
Testis size and testosterone.-To assess changes in reproductive function, we measured testis size and plasma testosterone concentrations each week just before lights turned off. We determined testis size by measuring width of the 2 testes through the scrotum using calipers (± 0.1 mm). We considered testes to be regressed when they were not palpable in the scrotum and fully developed when they measured ≥ 15 mm in width.
We collected blood (100-150 μL) in EDTA tubes via the saphenous vein without anesthesia. We centrifuged samples immediately after collection (4,500 rpm for 30 min at 4°C) and stored them at −20°C until assayed.
We measured testosterone (T) concentrations in duplicate from 25 μL plasma using an enzyme-linked immunosorbent assay (Demeditec Diagnostics GmbH, Kiel, Germany). Percentages of cross-reactivity were testosterone 100%, 11-β-hydroxytestosterone 3.3%, 19-nortestosterone 3.3%, androstenedione 0.9%, and 5-α-dihydrotestosterone 0.8%. Mean intraand inter-assay coefficients of variation were 3.3% and 6.7%, respectively. Minimum detectable level in plasma was 0.08 ng/ ml. We calculated mean testis size and testosterone profiles (in mm and ng/ml respectively) for both MOON and POLL groups.
Core temperature and locomotor activity.-To assess daily rhythms, throughout the experiment, we recorded core temperature (Tc) and locomotor activity (LA) using TA10TA-F20 telemetric transmitters (Data Science Co. Ltd, Saint-Paul, Minnesota) implanted under general anesthesia (Valium: 1 mg/100 g, subcutaneous injection; Ketamine Imalgen: 10 mg/100 g, intraperitoneal injection; postoperative analgesia, Meloxicam Metacam: 0.02 mg/100 g, subcutaneous injection) in the visceral cavity and under veterinary supervision. Experiments were performed at least 2 weeks after recovery. A receiving plate (RPC-1, Data Science Co. Ltd, Saint-Paul, Minnesota) positioned in the cage allowed us to record data sent by the transmitter. We recorded Tc every 10 min, and we continuously recorded LA and summed LA every 10 min by antennas located in the receiving plate that detected vertical and horizontal movements (X-Y coordinate system, Dataquest Lab Pro v 3.1, Data Science Co. Ltd, Saint-Paul, Minnesota).
We analyzed the following Tc parameters for each animal: mean Tc during the nocturnal active phase (T night in °C), mean Tc during the inactive diurnal phase (T day in °C), minimal Tc value (T min in °C), time of occurrence of T min (H min in min), time of onset of Tc drop (H drop in min), duration of torpor bouts, i.e., when Tc < 33°C (D torp in min), and frequency of torpor bouts (F torp -Génin and Perret 2003) . For LA daily rhythm, we monitored onset and offset (LA on and LA off in min), duration of the nocturnal active phase (α in min), and means of nocturnal and diurnal activities (LA night and LA day in arbitrary unit, a.u.). We calculated mean values for all telemetry parameters for both MOON and POLL groups.
Body mass and daily caloric food intake.-To assess changes in body condition, we measured body mass weekly and food intake daily. Before the experiment, body mass did not differ between MOON and POLL groups ( X ± SE = 90.3 ± 7.1 g and 94.7 ± 6.4 g, respectively; F 1,10 = 0.205, P = 0.66). Throughout the study, we observed no changes in body mass that remained constant for both MOON and POLL groups (treatment * time: F 4,36 = 0.979, P = 0.43). We calculated daily caloric food intake (CI in kJ) for each animal from the difference between provided and remaining food mass corrected for dehydration. Throughout the study, CI remained constant ( X ± SE = 64 ± 5.6 kJ/day), with no significant difference between POLL and MOON groups (β = 0.02 ± 0.2, χ 2 1 = 0.01, P = 0.91). Statistical analysis.-We analyzed parameters related to daily rhythms of Tc and LA using linear mixed effects models built with the "lme" function (package "nlme" in R software-R Development Core Team 2001). The starting model included effect of light treatment, effect of time (in numbers of days since the beginning of the experiment), and the interaction between light treatment and time. To take into account interindividual variability, we included individual identity as a random effect. To take into account temporal autocorrelation among residuals of the model, we included an autoregressive structure of order 1 ("corAR1" function in R software-R Development Core Team 2001). We checked for normality of residuals in the final model using a normal quantile-quantile plot and for homoscedasticity with boxplots of residuals of the parameters according to light treatment and days (Zuur et al. 2009 ). We checked other parameters (F torp , testis size, T concentrations, and aMT6s concentrations) for normality with the Shapiro-Wilk test and analyzed them, when appropriate, using 2-way or multi-way repeated analysis of variance (F), Student t-test (t) or Wilcoxon test (W, paired or unpaired). Probability level for statistical significance was P < 0.05. All analyses were performed with R version 2.14.2 (R Development Core Team 2001). Results are presented as mean ± SE. results 6-Sulfatoxymelatonin.-In the POLL group, urinary aMT6s concentrations did not change over time (F 4,12 = 1.72, P = 0.21). However, concentrations were significantly lower than those of the MOON group throughout the experiment (from P = 0.01 to P = 0.008 for week 1 to week 5; Fig. 1) .
Testis size and plasma testosterone.-Testosterone concentrations and testis size did not differ between groups in the 1st week (T: t 10 = 0.29, P = 0.78; testis size: W = 15, P = 0.4; Fig. 2 ). In the MOON group, T concentrations remained low and testis size although slightly increasing remained regressed over time (T: F 4,20 = 1.07, P = 0.39; testis size: t 5 = −1.83, P = 0.14; Fig. 2 ). By contrast, significant increases in T concentrations and in testis size occurred in the POLL group (T: F 4,20 = 15.14, P < 0.001; testis size: F 4,20 = 34.45, P < 0.001; Fig. 2) . From the 2nd week to the 5th week, T concentrations and testis size regularly increased and thus were significantly different from the MOON group (T: week 2, F 1,10 = 5.08, P = 0.048; week 3, F 1,10 = 8.08, P = 0.017; week 4, F 1,10 = 19.75, P = 0.001; week 5, F 1,10 = 8.86, P = 0.014; testis size: week 2, F 1,10 = 14.41, P = 0.004; week 3, F 1,10 = 16.60, P = 0.002; week 4, F 1,10 = 20.81, P = 0.001; week 5, F 1,10 = 28.15, P < 0.001; Fig. 2) .
Core temperature (Tc) and locomotor activity (LA).-Exposure to light pollution led to significant differences in Tc and LA parameters between MOON and POLL treatments (Table 1; Fig. 3 ). As soon as they were exposed to light pollution, POLL animals significantly reduced duration of the active period by 102 min compared to the MOON group (β = −102 ± 24, χ 2 1 = 12.3, P < 0.001; Fig. 4A ). The reduction of activity period in POLL group occurred through both later onset by −41.2 min (β = −41.2 ± 21.2, χ 2 1 = 3.9, P = 0.045) and earlier offset by +61.1 min (β = 61.1 ± 15.6, χ 2 1 = 10.9, P = 0.001) compared to MOON group (Table 1) . These changes were associated with a gradual significant increase in Tc (F 4,20 = 3.14, P = 0.045), on average +0.05°C compared to MOON values (β = 0.02 ± 0.01, χ 2 1 = 36.2, P < 0.001; Fig. 4B) . Concomitantly, POLL group demonstrated a progressive decrease in LA during nighttime that was 1.2 times lower than the MOON group (β = −0.08 ± 0.02, χ 2 1 = 9.7, P = 0.002; Table 1 ). During daytime, the MOON group showed significant reductions in Tc parameters (T day : F 4,20 = 7.08, P = 0.001; Fig. 4C ; T min : F 4,20 = 5.95, P = 0.003; Fig. 4D ), whereas the POLL group maintained higher values, leading to significant differences = 7.6, P = 0.026; Table 1 ). Diurnal LA intensities were low in both groups but still lower in the POLL group (LA day : 1.1 times lower, β = −0.02 ± 0.01, χ 2 1 = 6.2, P = 0.048; Table 1 ).
discussion
Mouse lemurs exhibit seasonal rhythms controlled by variation in photoperiod (Perret 2000) . Exposure to day lengths shorter than 12 h results in complete sexual rest, fattening, lethargy, and reduction of behavioral activity (Perret and Aujard 2001a) . Exposure to day lengths greater than 12 h induces sexual activity, an increase in behavioral activity, and high hormonal levels. Concomitantly, melatonin secretion demonstrates seasonal changes: secretion is high and long during short days, and it is low and short during long days (Aujard et al. 1998) . As soon as short-day exposed animals were maintained under light pollution, their melatonin secretion was reduced significantly, and observed values were characteristic of long-day photoperiod. Artificial light at night inhibits melatonin secretion to a degree depending on both its intensity and its spectral characteristics (Aube et al. 2013) . Wavelengths near 470 nm, even at low intensity (1-5 lux), were most efficient at providing circadian input for regulating melatonin secretion (Brainard et al. 2001; Bedrosian et al 2013) . The artificial light used in this study reproduced the intensity (near 50 lux) and irradiance spectra of streetlights characterized by emission lines from 569 to 616 nm. Although sensitivity of the circadian system to be entrained by light decreases with long wavelengths in mouse lemurs (> Fig. 1. -Mean (± SE) urinary 6-sulfatoxymelatonin concentrations in male mouse lemurs exposed to moonlight (MOON) or to light pollution (POLL) during short-day photoperiod. * P < 0.05. In seasonal vertebrates, melatonin plays a key role in perception of day length and, through a complex network, contributes to the adjustment of behaviors and physiology to a given photoperiod. Disruption of melatonin in mouse lemurs exposed to light pollution under short days is associated with a clear earlier activation of reproductive function that appeared highly similar to spontaneous sexual recrudescence observed in late winter (Perret and Schilling 1993) . Similar advances of reproductive functions by light at night have been recorded in male Siberian hamsters (Hoffmann 1979; Ikeno et al. 2014) , in European blackbirds (Turdus merula-Dominoni et al. 2013b) and in female mouse lemurs (Le Tallec et al. 2015) . By starting seasonal reproduction when environmental conditions are not appropriate, reproductive success and offspring survival could be threatened (Bronson 2009; Reiter et al. 2009 ). Worse, artificial light at night could put reproductive capacity at permanent risk. European blackbirds exposed to low light at night (0.3 lux) for 2 years reproduced 1 month earlier the 1st year but exhibited no sign of reproductive activity the 2nd year (Dominoni et al. 2013a) . Chronic exposure to light pollution, even to extremely low intensities of artificial light, can thus dramatically affect the reproductive system. The authors suggested that birds experiencing chronic light pollution were stuck in a photorefractory state or chronic stress (Dominoni et al. 2013a) . In mammals, photorefractoriness to a given photoperiod must be broken by exposure to the opposite photoperiod and has been attributed to the development of insensitivity to the action of melatonin (Kauffman et al. 2003; Lincoln et al. 2005) . Light pollution would thus alter duration of daylength, leading to perception of a constant long day. In mouse lemurs, no seasonal change in male sexual activity occurred under constant day length because a period of short-day photoperiod is required to reset sensitivity to the stimulatory effect of long-day photoperiod (Perret and Aujard 2001a) . Lastly, exposure to constant dim light lengthens the endogenous circadian period in Siberian hamsters (Evans et al. 2012) and in mouse lemurs, showing that dim light is perceived as a constant day and not as a constant night. This finding also strongly suggests that light pollution directly affects the suprachiasmatic nuclei (Shuboni and Yan 2010; Ikeno et al. 2014) . In mouse lemurs and potentially in other nocturnal mammals, chronic exposure to light pollution, mimicking constant long days, could lead to loss of reproductive capacity through a permanent refractory state.
Male mouse lemurs exposed to moonlight expressed characteristics of winter phenotype as evidenced by their daily profiles of core temperature. By contrast, values observed in animals exposed to light pollution confirm a misinterpretation of the short-day length to which they were exposed. Profiles were similar to those observed in long-day lengths, characterized by higher daily core temperature and fewer torpor bouts (Perret and Aujard 2001b) , as also demonstrated in female mouse lemurs exposed to light pollution (Le Tallec et al. 2015) . Nevertheless, animals did not entirely achieve the summer phenotype because we observed no increase in locomotor activity. Lack of change in locomotor activity could be explained by a strong inhibitory behavioral effect due to the high intensity level of the nocturnal light used (Perret and Aujard 2001b) .
In humans, a decrease or disruption of melatonin rhythm contributes to chronodisruption and health diseases, with consequences for biological fitness (Haim and Portnov 2013; Bonmati-Carrion et al. 2014; Haim and Zubidat 2015; Jones et al. 2015) . Furthermore, seasonal energy balance may be associated with decreased melatonin concentrations. In social voles (Microtus socialis) exposed to nocturnal light pulses during a short-day photoperiod, nonshivering thermogenesis capacity and daily energy expenditure were significantly lower, which could explain the death of voles (Haim et al. 2005; Zubidat et al. 2007 ). In mouse lemurs exposed to light pollution, increases in core temperature and decreases in number of torpor bouts would limit the energetic benefits of torpor. Indeed, a daily decrease in core temperature for a duration equal to 25% provides energy savings estimated to 20-40% of daily energy expenditure (Perret and Aujard 2001b; Génin and Perret 2003) . In captivity where food was available ad libitum and ambient temperature controlled, we observed no change in body condition. Nevertheless, in the wild, changes in thermoregulatory mechanisms could constitute a risk factor for survival.
In conclusion, light pollution, by changing the natural light-dark cycle and photic information, modifies nocturnal melatonin secretion and breaks down the resting state in male mouse lemurs, which entered a summer phenotype. We have little information about the attributes of artificial light (intensity and spectra) that organisms actually experience. However, given the highly conservative circadian system, artificial light at night may, through decreased melatonin secretion, lead seasonal breeders to experience longer day length than expected, with not only changes in daily activity rhythms and an advance in seasonal reproduction already exemplified in many species but also metabolic or physiological disorders that remain to be explored. literature cited
